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ABSTRACT 
 
 
 
 
The Impact of Adverse Childhood Events on Temporal Summation of Second Pain. 
(August 2012) 
Dokyoung Sophia You, B.S.N., Hanyang University; 
B.A., Case Western Reserve University 
Chair of Advisory Committee: Dr. Mary W. Meagher 
 
 
 
 
Adverse childhood events have been identified as a risk factor for developing 
chronic pain conditions in adulthood. However, previous studies have inconsistently 
supported the link between adverse childhood events and hypersensitivity to laboratory-
induced pain. Therefore, this study intended to investigate the effects of adverse 
childhood events on temporal summation of second pain (TSSP). A group of 38 healthy 
and pain-free college students participated in laboratory pain tests after being screened 
for childhood trauma history. Half of participants (47.5% female) were positive for 
childhood trauma and the other half (63.2% female) reported no adverse childhood event. 
The laboratory pain tests measured TSSP using 10 thermal pulses per trial over four 
consecutive trials. The trauma group showed a tendency of greater sensitization within 
TSSP trials and lack of habituation over repeated TSSP trials. In sum, adverse childhood 
events predisposed adults to enhanced TSSP, which is potentially linked to an increased 
likelihood to develop chronic pain problems.   
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NOMENCLATURE 
 
 
 
 
ACE   Adverse Childhood Experience 
AUC   Area Under the Curve 
BNST   Bed Nucleus of the Stria Terminalis 
CES-D   Center for Epidemiological Studies Depression Scale 
ETISR-SR  Early Trauma Inventory Self Report-Short Form 
FPQ   Fear of Pain Questionnaire 
HR   Heart Rate 
HRV   Heart Rate Variability 
IES-R   Impact of Life Event Scale 
NA   Negative Affect 
NMDA  N-methyl-d-aspartic Acid 
P   Physiological Measurement 
PA   Positive Affect 
PANAS  Positive and Negative Affect Schedule 
PCL-C   PTSD Symptom Checklist – Civilian 
PILL   Pennebaker Inventory of Limbic Languidness 
PSS   Perceived Stress Scale 
Q   Questionnaire 
QST   Quantitative Sensory Test 
SACC   Subgenual Anterior Cingulate Cortex 
SAM   Self Assessment Manikin 
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SC   Subscale 
SCL   Skin Conductance Level 
SR   Self-report 
LE ratio  Ratio of the Late to the Early TSSP pain 
TSC-40  Trauma Symptom Checklist 
TSSP   Temporal Summation of Second Pain 
TTP   Time to Peak Pain Intensity 
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1. INTRODUCTION 
Adverse childhood events are frequently reported by adult patients with various 
chronic pain problems.55, 75, 102 Such chronic pain problems include fibromyalgia,5, 10, 123, 
133 chronic pelvic pain,66, 67, 135 musculoskeletal pain,71, 73, 74, 134 abdominal pain,134 and 
irritable bowel syndrome.100, 135, 136 Treatment for these pain problems is often 
unsatisfactory and challenging to both patients and physicians because the exact 
pathogenesis is unknown. One factor that appears to contribute to the development of 
chronic pain disorders is adverse childhood events. Individuals who report childhood 
abuse are 1.4 to 4.4 times more likely to have chronic pain problems than those who do 
not.43, 44, 59 Additionally, the prevalence of childhood sexual abuse in chronic pain 
patients is about 39% in female patients and 7% in male patients.143 A meta-analysis 
indicates that the effect of childhood traumatic experience on chronic pain in adulthood 
is modest but significant across a wide variety of samples.30 This implies that adverse 
childhood events may affect chronic pain in adults. Despite these associations, relatively 
little research has investigated whether adverse childhood events contribute to the 
development of chronic pain problems and have an impact on specific pain processes 
that may be involved in the induction and/or maintenance of chronic pain states. 
Chronic pain is characterized by persistent hyperalgesia and allodynia. 
Hyperalgesia is defined as an enhanced pain response to a noxious stimuli and allodynia 
is defined as pain sensation produced by innocuous stimuli.142 Laboratory pain testing 
reveals that allodynia lasts shorter and affects smaller area than hyperalgesia.65  Both  
                                                 
This thesis follows the style of Clinical Journal of Pain. 
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hyperalgesia and allodynia are enhanced sensitization states, indicating increased 
responsiveness in the peripheral nociceptors and central pain pathway.83 Hyperalgesia 
manifests as a decreased in pain thresholds, an increased in response to supra-threshold 
stimuli, and as an expansion of receptive fields. In an acute injury, hypersensitivity 
provides a protective function for organisms.54 Because of this hypersensitivity, patients 
tend to guard the injured area. However, persistent hyperalgesia no longer provides a 
protective function after a wound is healed, and at this point the pain becomes 
maladaptive and impairs function.  
In persistent hyperalgesia, enhanced responsiveness of central nervous system is a 
pivotal process.69, 142 It is reported that secondary hyperalgesia and wind-up are linked to 
a central sensitization process.72, 76 Secondary hyperalgesia manifests as enhanced pain 
in the areas adjacent to the damaged tissue and it is caused by heterosynaptic 
facilitation.76, 127 The capsaicin test provides a laboratory model that can be used to 
assess secondary hyperalgesia. After 20-40 min of capsaicin application, the region 
surrounding the primary capsaicin application develops enhanced sensitivity to painful 
(e.g. pin-prick, secondary hyperalgesia) as well as a non-painful stimulation (e.g. light 
touch, secondary allodynia).76 Secondary hyperalgesia is characterized by enhanced 
sensitivity to mechanical but not heat stimulation, and it is believed to be mediated by 
high threshold A-fiber mechanoreceptors. In contrast, secondary allodynia is mediated 
by low threshold A-fiber mechanoreceptors such as tactile receptors (e.g. Aβ-fiber).2, 127  
In order to induce and maintain central sensitization, N-methyl-d-aspartic acid 
(NMDA) receptor activation is a critical process.142 Woolf and Thompson have 
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summarized these two steps as follows.142 The important first step in the induction of 
central sensitization is cumulative depolarization of NMDA nociceptors. Synaptic 
efficacy is enhanced when the voltage-dependent Mg2+ block of the NMDA receptor is 
removed by the summation of the slow potentials. Through the ion channel, inward 
current flow is increased and depolarization is amplified. For maintaining the state 
central sensitization, a tonic activation of NMDA receptors or mechanisms mediating the 
prolonged effects of NMDA receptor activation are critical. At this phase, 
phosphorylation of the NMDA receptors occurs in dorsal horn neurons, and it may lead 
to transcriptional changes.  
Wind-up, a form of homosynaptic facilitation, indicates increases in pain from 
repetitive peripheral stimulation of C-fiber nociceptors.72, 76 In addition, wind-up is 
thought to contribute to the induction and/or maintenance of chronic pain states.19, 142 
The progressive increases in pain perception that occur during wind-up reflect a 
summation process via activation of NMDA receptors in the spinal cord.19, 37, 92, 126, 132, 
142 Exposure to repetitive thermal or mechanical stimuli presented at the frequency of at 
least .33 Hz has been shown to induce wind-up or temporal summation of second pain 
(TSSP).82, 86, 104, 118, 132 It is worth noting that wind-up and TSSP are not identical 
although they often used interchangeably. TSSP reflects wind-up phenomenon occurring 
primarily within the spinal dorsal horn neurons,142 but also summation processes 
occurring in supra-spinal neurons.120, 130 Second pain is mediated by C-fibers, 
unmyelinated slow conducting fibers while first pain is mediated by Aδ-fibers, 
myelinated fast conducting fibers (Fig. 1).79 In order to induce TSSP in human 
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laboratory tests, the glabrous skin on the palm of the hand or on the plantar surface of 
the foot are often used because Type II A-fibers are scarce in glabrous skin in contrast to 
hairy skin.129  
 
 
 
 
Fig. 1 Depiction of the differences in conduction velocity between first and second pain 
 
 
 
In an effort to investigate the role of childhood adversities in adulthood chronic 
pain, several studies have examined the link between adverse life events and laboratory 
pain. Earlier studies have reported a lower threshold for pressure pain in women with 
history of abuse105 while others have observed no difference in pain threshold for rectal 
distension between women with and without sexual abuse.141 Unfortunately, these two 
studies include women with adult or childhood trauma. 
The results of more recent experiments exclusive for childhood trauma are also not 
consistent. For example, our laboratory has found that individuals reporting a history of 
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childhood trauma exhibit larger areas of secondary hyperalgesia using a capsaicin-pain 
model among otherwise healthy women.26 Since capsaicin temporarily induces 
neurogenic inflammatory pain and central sensitization,58, 121 this study suggests that 
healthy women reporting childhood trauma have heightened central sensitization, which 
may increase their vulnerability to neurogenic inflammatory pain problems. Arthritis, 
inflammatory bowel disease, chronic bronchitis, migraine, and interstitial cystitis are 
examples of neurogenic inflammatory disorders.28 In fact, the positive link between 
these inflammatory neurogenic pain conditions and childhood trauma has been reported 
in several clinical studies. 15,3, 44, 45, 85, 110, 125 Additionally, adverse childhood events are 
associated with lower basal ischemic pain tolerance, indicating heightened sensitivity to 
supra-threshold stimulation.28 However, the effect of childhood trauma on 
hypersensitivity is reduced under stressful condition (stress-induced hypoalgesia).28 
Contrary to findings obtained using the capsaicin test, other laboratories have failed 
to observe hyperalgesia among people with adverse childhood events in pain threshold 
tests.27, 39 It is also reported that there is no difference in reported pain intensity using 
constant heat27 However, some have observed an opposite relationship. Another study 
shows that healthy college women with childhood trauma are more resilient to central 
sensitization process in TSSP testing.39 In this study, women with reported childhood 
trauma show significantly lower wind-up pain intensity and unpleasantness as well as 
greater wind-down of pain intensity and unpleasantness. However, one of the limitations 
of this study is that the researchers tested TSSP on the forearm. As mentioned previously, 
hairy skin contains both Aδ as well as C fiber nociceptors.18 Therefore, the results may 
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not represent wind-up pain or TSSP. Yet, it is possible that childhood adversities are 
rather linked to hypoalgesia for healthy population. Additionally, they did not calibrate 
TSSP temperature and used the two relatively high temperatures (i.e. 49ºC and 52ºC) to 
all subjects. Therefore, induced pain intensities may vary among subjects.  
Although laboratory studies provide mixed findings that contrast with clinical 
observations, recent animal research has yielded results that support the hypothesis that 
previous exposure to uncontrollable stressors early in life induces a long lasting 
sensitization of pain processing. For example, rat pups distressed by maternal separation 
demonstrate increased number of pain behaviors and stress-induced hyperalgesia in 
adulthood.23, 87 Additionally, neonatal stress induced by limited bedding is linked to 
persistent hyperalgesia and muscle nociceptor sensitization in adult rats.47 Other studies 
have shown that exposure to uncontrollable sound stress causes a persistent and 
generalized enhancement of pain in rats. This sensitization effect is mediated by stress-
induced epinephrine and corticosterone which produces in a switch in peripheral 
nociceptor function.107 
The purpose of this study is to examine the impact of adverse childhood events on 
TSSP. Four TSSP tests will be performed on healthy and pain-free adults after screening 
for history of childhood traumatic events. It is hypothesized that individuals with 
reported childhood trauma will show increased levels of hyperalgesia indicated by the 
following: a) increased pain in TSSP (greater wind-up) and reduced wind-down within 
TSSP trials, b) increased sensitization and decreased habituation and/or adaptation over 
repeated TSSP trials, and c) slower wind-up decay within and between TSSP trials.  
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2. METHODS AND MATERIALS 
All procedures were approved by IRB at Texas A&M University, and informed 
consent was obtained from all participants. As participants received course credits for 
their participation, they were informed that they could withdraw from the study at any 
time without forfeiting the credit. Subjects were identified only by number, not name or 
initials. 
2.1. Participants 
A total of 2,414 undergraduate students in the subject pool were screened for a 
history of childhood trauma using the Early Trauma Inventory Self Report-Short Form 
(ETISR-SF).13 The ETISR-SF is a valid screening tool for general (family dysfunction), 
physical, emotional, and sexual trauma with 27 items. Potential subjects who endorsed 
no childhood trauma (n = 207) or whose trauma score was at least 10 (n = 205), which is 
the reported mean for a trauma group,13 were invited via email. Inclusion criteria were 
healthy and pain-free men and women and aged at least 18 years old. Exclusion criteria 
were current use of psychoactive drugs, history of vasovagal syncope, and chronic 
illness such as any cardiovascular disease, diabetes, Raynaud’s disease, and neurological 
disorders. Participants were instructed not to use NSAID, allergy medication, tobacco, 
alcohol, or any recreational drugs three days prior to the experiment. Oral contraceptives 
and vitamin supplements were allowed to continue.  
Among the 40 subjects (21 for the trauma group) who came in for laboratory pain 
testing, one subject in the trauma group did not complete the experiment due to low pain 
sensitivity. In this case, it was impossible to induce moderate pain with pre-determined 
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temperature range (45 to 51°C) used in this experiment. Another subject in the trauma 
group was excluded from analysis because the subject reported to have pain on the day 
of the experiment. Therefore, the data of 19 subjects for each no trauma and trauma 
group were used for the final analysis.  
 
 
 
 
 
 
 
Of the total 38 participants, 73.7% were Caucasian, 13.2% Asian, 7.9% Latin 
American, and 5.3% African American. The mean of age was 18.7 years ( 0.7SD = ) and 
55.3% were female. Most participants (92.1%) were right-handed. Table 1 shows the 
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comparison of demographic profiles between the groups with and without childhood 
trauma. There was no significant between- group difference in demographic data, tested 
with one-way ANOVA (all ps = n.s.). 
2.2. Apparatus and Physiological Recording 
Participants were tested in a sound-proof room. Heart rate (HR) sensors were 
attached to the chest and the trunk. HR was measured using silver-silver chloride 
electrodes (Grass model F-E11D). Skin conductance level (SCL) sensors were applied to 
the middle part of the index and the middle fingers of the non-dominant hand. The 
sensors were silver-silver chloride reusable electrodes (11mm diameter, Grass model F-
E9M) filled with saline electrode gel (EC60, grass technology). Skin conductance was 
measured by an adaptor (Grass Model SCA1), which interfaced with amplifiers (Grass 
Model LP122).  
All physiological data were recorded via a Grass Model 7E polygraph (Grass 
Instruments, Quincy, MA), which was located outside the sound-proof room. Physical 
signals were collected and filtered with Grass Instrument Model 7P1E/7DAG low level 
DC pre-amplifier for HR and 7P1G/7DAG for SCL. All data were obtained by the 
LabView version 8.0 software (National Instruments, Austin, TX) and a National 
Instruments Data Acquisition Board (NI 9205 module). The sampling frequency was 
100 Hz.  
 
 
 
10 
 
2.3. Self-Report Data 
A series of questionnaires (Appendix A) were administered by the LabView 
program to assess psychological conditions and general health status prior to pain testing. 
Following psychological and physical health related measures were included.  
2.3.1. Psychological conditions 
The Positive and Negative Affect Schedule (PANAS) is a validated measure to 
evaluate two dimensions of current mood such as positive and negative affective states 
and traits.137 Participants rate the 10-mood items for each dimension. A 5-point scale, 
ranging from very slightly (1) to extremely (5), is used. The possible total scores are 
between 10 and 50 for each positive and negative affect. A higher positive affect score 
indicates more positive affect, and a higher negative affect score indicates more negative 
affect. The scale was administered to measure affect at the moment of the experiment. 
The Center for Epidemiological Studies Depression Scale (CES-D) is widely used 
to assess depressive symptomatology during the past week.95 The CES-D consists of 20 
items, scored on a 4-point Likert Scale (0: rarely or none of the time to 3: most or all of 
the time). The total scores range from 0 to 60 with higher scores indicating more severe 
depressive symptoms. The cutoff score of 16 has been suggested to screen mild 
depression.95  
The 10-item Perceived Stress Scale (PSS) is a valid and reliable instrument, 
commonly used to measure the perception of stress.21 The PSS uses a 5-point Likert 
scale (0: Never to 4: Very often). The total scores range from 0 to 40 with higher scores 
indicating higher perceived stress during the last month.  
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The Personality Assessment Inventory – Borderline feature (PAI-BOR) is one of 
the clinical scales in the PAI,84 which has good psychometric properties. The PAI-BOR 
assesses personality pathology associated with borderline personality disorder. The scale 
consists of 24 items, with four 6-item subscales (affective instability, identify 
disturbance, negative relationship, and self-harm/impulsivity) rated on a 4-point scale (0: 
false to 3: very true). PAI subscale raw scores are translated to T scores with a mean of 
50 and a standard deviation of 10.  
The Adverse Childhood Experiences (ACE) is a 10-item questionnaire, developed 
to study the link between childhood maltreatment and adult health and well-being by a 
collaborative research team (i.e. the Division of Adult and Community Health at the 
Centers for Disease Control and Prevention and Kaiser Permanente’s Department of 
Preventive Medicine in San Diego).4 This is one of the widely used instruments to study 
the impact of adverse childhood event on general health. The measure assesses three 
major stressful or traumatic childhood events such as family dysfunction, child abuse, 
and child neglect prior to age 18. Each item is rated on dichotomous response, coded yes 
(1) or no (0).  
The PTSD symptom checklist – civilian (PCL-C) is a 17-item self-report measure, 
which consists of the 17 DSM-IV symptoms of PTSD138 and has acceptable 
psychometric property.101 The PCL-C can be used to screen for PTSD symptoms, 
diagnose PTSD, and evaluate response to a treatment. The items are scored on a 5-point 
scale (1: not at all to 5: Extremely). The total scores (range 17 - 85) indicate PTSD 
symptom severity with higher scores representing more severe symptoms. The measure 
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is comprised of three symptom clusters: re-experiencing (item 1-5), avoidance (item 5-
12), and hyper-arousal (item 13-17). PTSD diagnostic criteria are met when at least one 
of experiencing, three avoidance, and two hyper-arousal symptoms are endorsed. A 
cutoff score of 44 has been proposed to identify individuals with PTSD.101 
The Impact of Life Event Scale –Revised (IES-R) is a 22-item self-report measure, 
assessing level of distress from one specific traumatic life event during the past 7 
days.139, 140 This measure is a reliable and useful tool to screen or assess the symptom 
severity of traumatic distress.7, 25 Fourteen items corresponds to the 17 DSM-IV 
symptoms of PTSD. Each item is rated on a 5-point scale ranging from 0 (not at all) to 4 
(extremely). The total IES-R scores range from 0 to 88. There are three subscales such as 
intrusion (8 items), avoidance (8 items), and hyperarousal (6 items) symptoms. The 
items for each subscale are randomly placed. The cutoff score of 33 has been shown 
optimal diagnostic accuracy against the PCL-C.25 
The Trauma Symptom Checklist-40 (TSC-40) is a valid 40-item instrument 
assessing common symptoms after traumatic experiences with a 4-point rating scale 
ranging from never (0) to often (3).14, 38 The total score ranges from 0 to 120 with higher 
scores indicating more trauma related symptoms for the past 2 months. The TSC-40 has 
6 subscales such as anxiety, depression, dissociation, sexual abuse trauma index, sexual 
problems, and sleep disturbances. This measure is an acceptable measure to evaluate 
common psychological symptoms of sexual abuse survivors.145 Yet, the TSC-40 is 
developed for research purpose only and a clinical cutoff score is not available.14 
13 
 
The Fear of Pain Questionnaire-III is a 30-item self-report to assess fear and anxiety 
about pain. 81 Each item has been selected based on principal component analysis. Items 
are rated on a 5-point Likert scale (1: not at all to 5: extreme). It contains three 10 item 
subscales: severe pain, minor pain, and medical pain. Total score ranges from 30 to 150 
and higher score indicates greater fear about various painful experiences. This measure 
has reported to have a good predictive validity about pain-relevant behavior of 
avoidance.81 
2.3.2. Physical conditions 
The Pennebaker Inventory of Limbic Languidness (PILL) 88 assesses common 
physical symptoms with 54 items, rated on a 5-point scale (A: have never or almost 
never experienced the symptom to E: more than once every week). The total score was 
calculated using binary technique, which was to sum the number of items scored C, D, 
or E on the scale. Therefore, the possible total scores range from 0 to 54 with higher 
number indicating frequent experience of physical symptoms. The last additional three 
items, which are not included in the total score, ask a) the number of visits to health care 
center or private physician for illness during a semester, b) the number of sick days, and 
c) the number of days of restricted activity due to illness.  
2.4. Pain Testing and Numerical Pain Ratings 
Three quantitative sensory tests (QST) were performed. First, two threshold tests 
were performed to measure a thermal pain threshold. Second, sensitivity tests were 
performed to identify a peak temperature to induce moderate pain. Lastly, four temporal 
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summation of second pain (TSSP) tests were conducted using the peak temperature 
identified during sensitivity testing.  
 
 
 
 
Fig. 2 Application of a thermode on the thenar eminence 
 
 
 
2.4.1. Thermal pain threshold testing 
Thermal pain threshold was measured using the Medoc Advance Thermal 
Stimulator (Medoc Ltd. Ramat Yishai, Israel). Participants were informed about 
threshold testing and asked to place the thenar eminence of non-dominant hand on the 
3×3cm2 thermode (Fig. 2). A warm thermode (baseline temperature of 35 °C) was used 
to equilibrate subjects and the temperature was increased at a rate of 0.5 °C/s until 
subjects reported their first painful sensation by clicking a mouse. A cut-off temperature 
of 51 °C was used in threshold testing. None of the subjects failed to detect a threshold 
within the temperature limit. 
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2.4.2. Thermal pain sensitivity testing 
All subjects went through thermal pain sensitivity testing.113, 114 The purpose of this 
sensitivity test was to find a temperature that could induce moderate pain with four heat 
pulses to individualize the peak temperature for TSSP testing. The moderate pain range 
was defined between 35 and 55 out of 100.113, 114, 116 The standardized numerical pain 
scale112, 114, 116, 117 is described further in the section 2.5. 
Individuals received four thermal phasic stimuli at 0.33 Hz using a 2.7×2.7cm2 
Contact Heat Evoked Potential thermode (Medoc Ltd, Ramat Yishai, Israel) on the 
thenar eminence of the non-dominant hand. The palm was chosen for this experiment 
because primate glabrous skin does not have Type II mechano-heat A fiber.83, 128 Thus, 
first pain sensation is not evoked in humans when heat stimuli are applied to this area.15, 
129 The basal temperature was always 38 °C and the initial peak temperature was 47 °C. 
The rise time from the base to the peak temperature was 0.5 s, the plateau time was 0.5 s, 
and the descent time to the baseline temperature was 0.5 s. Thus, subjects were exposed 
to a thermal stimulus for a total of 1.5 s and the baseline temperature for 1.5 s. These 
phasic thermal pulses at least 0.33 Hz are known to induce temporal summation of 
second pain.90, 91, 113, 114, 118 The subjects were instructed to rate their late sensations after 
each peak temperature on a 0 - 100 scale. If the pain rating after the last heat pulse was 
not 45 ± 10, sensitivity tests were repeated with adjusted temperature by ± 0.5 until pain 
rating of 45 ± 10 was achieved. If moderate pain was not evoked with a peak 
temperature between 45 and 51 °C, TSSP testing was not conducted and the experiment 
was ended.  
16 
 
2.4.3. TSSP testing 
After the sensitivity test, four TSSP tests were performed using the calibrated peak 
temperature (Fig. 3). The interval between TSSP tests was at least 3 min. For each TSSP 
test, 10 heat pulses were applied to the thenar eminence of the non-dominant hand.115 
The subjects were instructed to rate their second pain after each peak temperature as they 
did during the sensitivity tests. They were also asked to rate their after-sensations or 
“wind-up decay” at 15 s and 30 s after the last pulse. 
 
 
 
 
Fig. 3 Design of repetitive thermal pulses used for TSSP experiment. The two arrows 
indicate after-sensations measured at 15 s and 30 s after the last thermal pulse. 
 
 
 
2.5. Numerical Pain Ratings 
A computerized visual analog scale (Medoc, Ramat Yishai, Israel) was used to 
measure intensity of painful sensation. The scale ranges from 0 (no pain) to 100 (the 
most intense pain imaginable) in increment of 1 with verbal descriptors at intervals of 10: 
10 = warm sensation, 20 = a barely painful sensation, 30 = very weak pain, 40 = weak 
pain, 50 = moderate pain, 60 = slightly strong pain, 70 = strong pain, 80 = very strong 
pain, and 90 = nearly intolerable pain. This 0-100 scale was reported to be advantageous 
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for reporting intensity of pain during series of repetitive stimuli and to differentiate 
perceived TSSP intensities between people with and without chronic pain problems.112, 
114, 116, 117  
2.6. Measures for Psychophysical Response to Pain 
In addition to the perceived pain intensity, changes of perceived unpleasantness 
were measured using the Self Assessment Manikin (SAM) -valence. Perceived level of 
arousal and sympathetic responses were assessed by the SAM-arousal and SCL. Cardiac 
responses to painful stimuli were measured by HR. Lastly, sympathovagal responses to 
noxious stimuli were measured by Heart Rate Variability (HRV). 
2.6.1. Emotional response to pain testing 
To measure subjective emotional reaction to pain testing, the SAM was 
administered at pre- and post-pain tests.12 The SAM measures valence, arousal, and 
dominance using a pictogram scale. The level of valence ranges from happy (1) to 
unhappy (9), arousal ranges from calm (1) to excite (9), and dominance ranges from 
weak (1) to strong (9). This measure provides a valid and reliable measure to assess 
emotional responses to stimulation.12  
2.6.2. Physical response to pain testing 
Physiological reactions to pain were measure by SCL, HR, and HRV for 3 min 
before and after each pain test. In addition, the physiological data were collected during 
pain testing. For the analysis of physiological response to the actual TSSP, the data were 
broken down into two parts; during the TSSP testing (the first 30 s) and after-sensations 
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(the second 30 s). The average SCL (µS) and HR (beat/min) were compared between the 
two groups. The HRV was calculated with the standard deviation of R-R intervals (ms).  
 
 
 
 
Fig. 4 Timeline of the experiment, Test 1 = threshold testing, Test 2 = sensitivity testing, 
Test 3 = TSSP Testing, T1-1 = 1st threshold test, T1-2 = 2nd threshold test, T3-1 = 1st 
TSSP test, T3-2 = 2nd TSSP test, T3-3 = 3rd TSSP test, T3-4 = 4th TSSP test, Exit Q = 
exit questionnaires, P = physiological measurement (i.e. SCL, HR, & HRV), SR = self-
reports, S= the SAM-valence, arousal, and dominance. 
 
 
 
2.7. Procedures 
Fig. 4 illustrates the experimental procedures. After the informed consent was 
obtained, the first baseline physiological data was collected for 3 min. Next, the subjects 
completed the self-reports that were listed in the section 2.3. The subjects were allowed 
to change their answers until they clicked ‘next.’ The subjects were informed that they 
could skip any questions if they did not want to answer. At the end of each self-report, 
however, a pop-up message would show up on a computer screen, verifying ‘missing 
item found, do you want to continue?’ If they pressed to ‘continue’, the computer screen 
showed the next psychological questionnaires. If no, subjects could answer the missed 
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item(s). After the self-reports, the second baseline physiological data sample was 
collected and the first SAM was administered.  
Before the first QST, the subjects were trained to make pain threshold ratings. Then, 
they were asked to remain still and relaxed for 3 min to collect the third physiological 
data sample. At this time, their physical state might be influenced by their level of 
anticipatory anxiety because subjects were made to expect the impending thermal pain 
threshold testing. Before the sensitivity testing, the subjects were trained to use the 
computerized visual analog scale and asked to rate their late warmth or painful sensation 
after each peak. They were instructed that sensation intensity might increase, decrease or 
stay the same with stimulus repetition. They were also informed that they should remove 
their hand from the thermode before they would experience intolerable pain or reach 100 
on the computerized visual analog scale.  
Before the TSSP phase of testing, the subjects were informed about the nature of 
the thermal stimuli and trained in how to rat their sensations. However, the subjects were 
not informed about the number of the TSSP tests. If the subject was asked about how 
many TSSPs would occur during the experiments, the experimenters replied that they 
were ‘not allowed to disclose.’ Once the last TSSP test was completed, the subjects were 
informed about its completion and asked to remain still for the last physiological data 
collection. Lastly, the subjects completed a short exit questionnaire asking whether they 
had any thought about the experiment’s purpose or hypothesis in order to assess for 
potential expectancy effects. Majority (89.5%) did not know the hypothesis. Four 
subjects (2 subjects for each group) described a guess that was close to the hypothesis, 
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e.g., to investigate a link between pain and traumatic experience in childhood. As a final 
step, the experimenters provided a written and verbal debriefing to the subjects. This 
experiment took about 1.5 to 2 hrs.  
2.8. Data Analysis 
All variables were examined for missing values, outliers, normality of distribution, 
and homogeneity of variance. Next, one-way ANOVAs were conducted for intergroup 
comparison. In addition, repeated-measures ANOVAs were performed for intergroup 
comparisons of psychophysiological changes over time in response to the QSTs. The 
Greenhouse-Geisser correction was applied to the degrees of freedom where ε s were 
noted for violation of sphericity.122 All statistical tests were 2-tailed tests conducted at p 
< .050, unless otherwise indicated.  
2.8.1. Handling missing value and outliers 
Missing values were replaced with the group mean. There were no missing values 
in the self-reports and the QSTs. Missing values in the physiological data due to 
technical difficulties were replaced with the group mean. For one person in the no-
trauma group, entire physiological data was not recorded. For another person in the no-
trauma group, physiological data during and after TSSP4 were not recorded. Therefore, 
these two cases were replaced with the group mean. However, R-R intervals at post-
threshold were neither replaced nor analyzed because these data at this time point were 
not collected due to a programing error.  
The extreme outliers, of which values were more than 3 interquartile range in each 
group, were replaced with the group means. There was no outlier in the psychological 
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measures. Most of the QST variables did not have outliers, however a few TSSP indices1 
had maximum of one outlier in each group.  
In physiological data, there were few outliers. For SCL, one outlier in the trauma 
group was replaced with the group mean at baseline1. For HR, one outlier in the no-
trauma group was replaced at baseline2 and post-threshold testing. All the other SCL 
and HR variables did not have outliers. For HRV, there was at least one outlier in the no-
trauma group from pre-threshold to the final physiological measure; of the no-trauma 
group, there were two outliers at pre-TSSP3 and pre-TSSP4, and three outliers during 
TSSP2 and TSSP3. These outliers were replaced with the group mean. In contrast, there 
was no outlier in HRV among people with childhood trauma. 
2.8.2. Test of normality 
Shapiro-Wilk’s normality tests were performed to check normality after outliers 
were replaced with the group mean. The assumption of normality was not violated for 
most psychological, physiological and QST data (all ps >.050). However, even when 
normality could not be assumed for some measures, robustness was expected in this 
sample because of equal samples in groups, no outliers, two-tailed tests, and greater than 
20 degrees of freedom for error.122  
2.8.3. Test for homoscedasticity 
Levene’s tests indicated equal variance for most physiological and QST variables 
(all ps > .050). Although the variance of all psychological variables were unequal (all ps 
                                                 
1 In the 1st TSSP, maximum pain rating and wind-up ratio with average pain ratings; In the 2nd TSSP, 
wind-up ratio with AUC and with average pain ratings; In the 3rd TSSP, wind-up ratio with AUC and with 
average pain ratings, and the pain ratio of the late to the early phase of the TSSP. More detailed TSSP 
index can be found in the section 2.8.5. 
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< .050) except the PANAS-NA, ANOVA was robust to heteroscedasticity because firstly, 
sample sizes were greater than 5, and secondly, all Fmax (the ratio of max group variance 
to min group variance) was ≤ 10,122 except for variables of the PCL, the TSC, the IES, 
and the ACE. For these four measures of trauma history and symptoms, ANOVA were 
not robust to heteroscedasticity. Thus, additional nonparametric Mann-Whitney U tests 
were conducted to confirm the results of ANOVA. No statistical analysis was attempted 
to compare the means or the medians of the ACE because no variance existed in the no-
trauma group, of which values were all zero. 
2.8.4. ANOVA with bootstrap resampling method 
One-way ANOVAs were used to compare the mean differences between the no-
trauma and the trauma groups. In addition, a bootstrap resampling method was used to 
test the replicability and generalizability of the result. A sample size of 2,000 is needed 
for reliable hypothesis testing.17 A minimum sample size of 14 from original data is 
reported to be satisfactory in the two-class problems.17 SPSS version 18 was used for all 
the analyses. 
2.8.5. TSSP pain indices for analysis 
Twelve pain indices listed below were computed to compare different aspects of 
pain perception during each TSSP testing. In addition to the nine TSSP indices used in 
other papers, exploratory analyses were conducted with slope, average pain ratings, and 
the pain ratio of the late to the early phase of TSSP. Simple linear slopes were added to 
compare degrees of sensitization to a thermal pulse, and average scores were added to 
AUC because this simple calculation could be easily used in practice. Additionally, pain 
23 
 
ratios of the late to the early phase of TSSP were computed to compare whether the two 
groups would differ in persistent sensitization in the later phase in compared with the 
earlier phase of TSSP.  
The following TSSP indices were used in analyses;  
i) pain ratings at the 1st, the 5th, and the 10th pulse,93, 111, 115, 119 
ii) average pain ratings for the 10 thermal stimuli,36, 39  
iii) maximum pain intensity,39, 77, 117, 118  
iv) wind-up difference score: maximum pain ratings minus pain ratings at the 
first thermal pulse,1, 34, 39, 98, 117, 118  
v) time to peak pain intensity: the number of pulses required to a peak pain,51  
vi) slope: wind-up difference score divided by time to peak pain intensity 
vii) area under the curve (AUC),34, 51, 77 indicating total pain ratings summed 
across all 10 stimuli 
viii)  absolute wind-up: AUC minus 10 times the initial response,34  
ix) wind-up ratio or relative wind-up calculated by two methods 
a. AUC divided by the first response64, 99 and 
b. mean pain ratings for the 10 thermal pulses divided by the initial pain 
rating,  
x) the early TSSP pain calculated by two methods 
a. AUC from the 1st pulse to the 5th pulse52, 53 and 
b. average pain ratings from the 1st pulse to the 5th pulse 
xi) the late TSSP pain calculated by two methods 
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a. AUC from the 6th pulse to the 10th pulse52, 53 and  
b. average pain ratings from the 6th pulse to the 10th pulse 
xii) ratio of the late to the early TSSP pain (the LE ratio) calculated by two 
methods 
a. AUC 
b. Average pain ratings  
Except for the LE ratio, the two ratio scales were transformed by adding 10 to each 
rating in order to avoid zero denominators and over-inflation of the ratio scales.  
Lastly, wind-down (the peak pain rating minus the final rating)39 and after-
sensations (wind-up decay)93, 118 were compared between the two group. Higher score in 
wind-down index indicates greater decrease. The wind-down index of zero indicates no 
wind-down within a TSSP trial. Higher intensity of after-sensations indicates slower 
TSSP recovery. All of these indices were analyzed within and between TSSPs in order to 
compare between-group difference of TSSP changes during and over repeated trials. 
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3. RESULTS 
3.1. Comparison of Psychophysical Characteristics at Baseline 
3.1.1. Psychological characteristics 
Table 2 shows the means of the self-report data for participants with and without 
adverse childhood events. Overall, the trauma group reported relatively poor mental 
health at baseline. All of the psychological symptom scores were significantly higher in 
the trauma group except the PANAS-PA, the PANAS-NA, and the FPQ. For depression 
symptoms, only 5.3% (n = 1) screened positive for at least mild depression in the no-
trauma group by using the CES-D cutoff score of 16. In contrast, 52.6% (n = 10) 
screened positive for at least mild depression in the trauma group. 
While all participants were healthy subjects, the trauma group reported worse 
physical health than the no-trauma group as evidenced by the trauma group’s higher 
PILL scores, a measure of common physical symptoms and sensations. Firstly, the 
average number of days for doctor’s office visits during a semester was 0.2 (SD = 0.4, 
mode = 0, range: 0-1) for the no-trauma group and 0.4 (SD = 0.6, mode = 0, range: 0-2) 
for the trauma group. Both groups, on average, reported less than one visit to a doctor’s 
office per semester. Thus, this confirms that the participants were generally healthy. 
Secondly, the average number of sick days for a semester was 1.9 (SD = 2.7, mode = 0, 
range: 0-10) for the no-trauma group and 4.6 (SD = 8.0, mode = 0, range: 0-30) for the 
trauma group. Lastly, the average number of days with limited activity due to illness was 
1.8 (SD = 4.0, mode = 0, range: 0-14) for the no-trauma group and 2.1 (SD = 7.2, mode 
= 0, range: 0-30) for the trauma group. 
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Note:95% CI (Confidence Intervals) based on 2000 stratified bootstrap samples t-test; 
n.s. = not significant at p > .100; PANAS = Positive and Negative Affect Scale; PA = 
Positive Affect; NA = Negative Affect; CES-D = Center for Epidemiologic Studies for 
Depression; PSS = Perceived Stress Scale; PAI-BOR = Personality Assessment 
Inventory Borderline clinical scale; PAISC1 = Subscale1 (affect instability); PAISC2 = 
subscale2 (identity problem); PAISC3 = subscale3 (negative relationship); PAISC4 = 
subscale4 (self-Harm/impulsivity); FPQ = Fear of Pain Questionnaire; FPQSC1 = 
subscale 1 (severe pain); FPQSC2 = subscale 2 (minor pain); FPQSC3 = subscale 3 
(medical pain); PILL = Pennebaker Inventory of Limbic Languidness.  
 
 
 
A series of one-way ANOVAs conducted on the three instruments measuring 
symptoms of trauma (i.e. the PCL, the IES, and the TSC) revealed higher traumatic 
symptoms in participants reporting a history of childhood trauma (Table 3). Overall, the 
results of Mann-Whitney U tests were consistent with those of the ANOVAs; the 
average ranks of the three trauma assessment measures were higher in the trauma group 
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than the no-trauma group (Table 3). Except the TSC subscale 1 measuring anxiety 
symptoms, the totals as well as the subscale scores of the PCL, the IES, and the TSC 
were, on average, significantly higher in the trauma group when tested both with 
ANOVA and Mann-Whitney U tests. In screening for PTSD with the cutoff scores, none 
of the participants screened positive for PTSD in the no-trauma group. Of the subjects in 
the trauma group, eight (42.1%) and nine (47.4%) people screened positive for PTSD 
using the PCL and the IES respectively.  
3.1.2. Physiological characteristics 
At baseline1, physiological characteristics were not significantly different between 
the no-trauma and the trauma groups (all ps > .100, Fig. 5); the means of SCL, HR, and 
HRV were, respectively, 3.8 (SD = 2.4), 80.8 (SD = 10.5), and 60.5 (SD = 25.9) for the 
no-trauma group and 3.4 (SD = 2.1), 76.7 (SD = 15.8), and 61.7 (SD = 26.9), for the 
trauma group. After completing self-reports at baseline2, none of the measures were 
significantly different between the two groups. Repeated measures ANOVAs indicated 
that HR and HRV were not significantly changed from baseline1 (p > .100) whereas 
SCL was significantly increased (p < .001). In addition, there was a marginally 
significant time by group interaction (F (1, 36) = 3.06, p = .089). Average SCL increased 
by 3.2 in the no-trauma group. In contrast, only 1.6 increased in the trauma group. 
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Fig. 5 Comparison of average SCLs, HRs, and HRVs between the groups with and 
without trauma at baseline1 and baseline2; Error bars = SEM, * = p < .001. 
 
 
 
3.2. Comparison of Psychophysical Responses to the QST 
The effects of thermal stimulations on emotion and psychophysiological reactions 
were analyzed firstly with the SAM self-reports and secondly with SCL, HR, and HRV 
before and after each of the QST. Fig. 6 shows changes of the SAM-valence and arousal 
over repeated TSSP trials. Using a one-way ANOVA, the between-group difference was 
significant for the SAM-valence, but not for the SAM-arousal and dominance. Next, 
average psychophysical responses to the QSTs were compared between the two groups 
during the tests of thermal pain threshold, pain sensitivity, and TSSP. Again, there were 
no between-group differences in psychophysiological responses during the QST using 
one-way ANOVAs (all ps > .100). 
 
 
* 
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Fig. 6 Comparison of the SAM-valence and arousal between the no-trauma and trauma 
groups at each time point. T1 = baseline2; T2 = post-threshold test/pre-TSSP1; T3 
=post-TSSP1/pre-TSSP2, T4 = post-TSSP2/pre-TSSP3; T5 = post-TSSP3/pre-TSSP4, 
T6 = post-TSSP4, Error bars = SEM, * = p ≤ .002; † = p < .100. 
 
 
 
3.2.1. Psychological response to pain 
One-way ANOVA indicated that there was no significant between-group difference 
in the SAM-valence at baseline. However, the valence ratings of the trauma group were 
significantly higher than those of the no-trauma group after threshold testing (Fig. 6). A 
repeated measures ANOVA showed a significant main effect of group (F (1, 36) = 15.25, 
p < .001) and a marginally significant main effect of trial (F (2, 70) = 2.95, p = .060; 
WMauchly = .03, χ2 (14) = 118.71, p < .001, ε = .39). From post-threshold to post-TSSP4, 
the average score of the SAM-valence was 3.9 (SD = 1.5) for the no-trauma group and 
5.7 (SD = 1.5) for the trauma group. Even after the QSTs were completed, the trauma 
group continuously reported significantly higher levels of unpleasantness than the no-
† 
*       *       *       *       * 
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trauma group (F (1, 36) = 11.80, p =.002). This may indicate that the trauma group 
showed a lack of habituation to unpleasant sensory experiences.  
Based on the results of a one-way ANOVA, the mean perceived levels of the SAM-
arousal were not different between the groups from baseline until pre-TSSP3 (Fig. 6). At 
pre-TSSP3, the trauma group (M = 4.6, SD = 2.0) showed a trend toward, on average, 
higher in the perceived level of arousal than the no-trauma group (M = 3.4, SD = 1.8; F 
(1, 36) = 3.74, p = .061). Then, this difference no longer existed after TSSP3 (p > .100). 
A repeated measures ANOVA indicated that the main effect of trials (F (3, 100) = 2.00, 
p > .100) and group×time interactions (F (3, 100) = 1.76, p > .100; WMauchly = .15, χ2 (14) 
= 65.67, p < .001, ε = .56) were not significant. Additionally, there was no significant 
main effect of group (F (1, 36) = 1.36, p > .100).  
For the SAM-dominance, a one-way ANOVA showed no significant difference at 
any time point between the two groups. At baseline, the average rating of the SAM-
dominance was 5.9 (SD = 1.4) for the no-trauma group and 5.8 (SD = 1.5) for the trauma 
group. From post-threshold to post-TSSP4, the average rating of dominance was 5.9 (SD 
= 1.3) for the no-trauma group and 6.0 (SD = 1.6) for the trauma group. A repeated 
measures ANOVA indicated no significant main effect of trial or group by trial 
interaction (all ps > .100). 
3.2.2. Psychophysical response to pain 
A one-way ANOVA indicated that the trauma and no-trauma groups did not differ 
from each other on SCL at any time point (all ps > .100, Fig 6). Using a repeated 
measures ANOVA, there was no significant time by group interaction when comparing 
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all SCLs at five time points such as baseline2 and pre- and post-QSTs. However, there 
was a significant main effect of time (F (2, 76) = 12.54, p < .001, WMauchly = .18, χ2 (9) = 
59.18, p < .001, ε = .53, Fig. 6). The average level of SCL was increased as the QST 
were repeated, and this trend was best fit with a liner function (F (1, 36) = 31.83, p 
< .001). Bonferroni pairwise comparisons indicated that the average SCL at pre- and 
post-threshold was not significantly different from baseline2 (p > .100). However, the 
average SCL at pre-TSSP1 and all the others after pre-TSSP1 were significantly 
different from baseline2 (all ps ≤ .023). Additional Pearson correlation tests indicated 
that SCL and the SAM-arousal were not related at each time point (all ps > .100). 
In comparing HR data collected at five points (baseline 2 as well as pre- and post 
QSTs), one-way ANOVA indicated no significant difference between the groups (all ps 
> .100). The results of a repeated measures ANOVA also indicated that there were no 
significant main effects of group nor time×group interaction (all ps > .100). However, 
there was a significant main effect of time (F (3, 101) = 7.33, p < .001; WMauchly = .43, χ2 
(9) = 29.09, p < .001, ε = .70, Fig 6). The trend of heart rate changes over repeated QSTs 
was best fit with a quadratic equation (F (1, 36) = 24.10, p < .001); average HRs were 
increased over time from baseline2 until pre-TSSP1, and then decreased to the end of the 
experiment. While Bonferroni pairwise comparisons indicated that all of the HRs at pre- 
and post-QST were not significantly different from baseline2, final HR was, on average, 
significantly lower than all the other time points.  
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Fig. 7 Between-group comparisons of the average SCLs, HRs, and HRVs at pre- and 
post-QSTs, T1 = pre-threshold; QST1=threshold testing, T2 = post-threshold/pre-
sensitivity testing; QST2 = sensitivity testing; T3 = post-sensitivity testing/pre-TSSP 
testing; QST3 = TSSP testing; AS = after-sensation; Final = post-TSSP testing, Error 
bars = SEM  
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In comparing HRVs at the four different time points (baseline2, pre-thresholds, pre-
TSSP, and post-TSSP), the results of one-way ANOVA showed no significant between-
group difference. A repeated measures ANOVA also indicated no significant main effect 
of group nor group×time interaction. While there was a significant main effect of time (F 
(2, 89) = 3.63, p = .022; WMauchly = .70, χ2 (5) = 12.18, p = .033, ε = .83), the Bonferroni 
pairwise comparison revealed no significant difference among different time points.  
A series of repeated measures ANOVAs was conducted to examine the between-
group changes in average SCL, HR, and HRV before and during each QST. The main 
effect of group was not significant across these measures (all ps > .100). Yet, a 
consistent pattern was observed over repeated QST trials. During each QST, repeated 
measures ANOVA showed significant increase in SCL and decrease in HR from the 
physiological states prior to each QST (all ps ≤ .016). While no significant change 
occurred in average HRV during threshold testing (p > .100), HRV was significantly 
decreased during TSSP testing and after-sensation compared to HRV at pre- and at post-
TSSP testing (all ps < .001).  
In contrast to the other QSTs, there was a significant group×time interaction in 
repeated HR measures before TSSP, during TSSP, after-sensations, and after TSSP (F (2, 
75) = 3.21, p = .044; WMauchly = .35, χ2 (5) = 36.23, p < .001, ε = .70). Bonferroni 
Pairwise comparison indicated that HR at pre-TSSP (M = 80.7, SD = 6.0) was 
significantly different from HRs during TSSP (M = 73.7, SD = 7.2, p < .001) and after-
sensations (M = 75.2, SD = 7.6, p = .002). However, HR at post-TSSP (M = 78.0, SD = 
8.9) was not significantly different from pre-TSSP (p > .100) for the no-trauma group, 
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indicating HR recovery at post-TSSP. Of the trauma group, HR at pre-TSSP (M = 76.0, 
SD = 14.2, p =.019) was significantly different from all other HRs such as during TSSP 
(M = 72.4, SD = 12.7), after-sensation (M = 72.4, SD = 12.4), and post-TSSP (72.4, SD = 
13.8), indicating no HR recovery. 
In order to evaluate the true recovery function of HR, the final HR was compared 
with HR at baseline2 using paired sample t-tests. For the no-trauma group, average HR 
after the last TSSP testing (95% bootstrap confidence intervals (CIs): 73.9-81.8) was not 
significantly different from baseline2 (M = 78.7, SD = 7.9, 95% bootstrap CIs: 74.9-82.1; 
t (18) = 0.36, p > .100). A paired sample t-test with bootstrap sampling also found no 
difference between them (p > .100). However, the final HR sample from the trauma 
group (95% bootstrap CIs: 66.2-78.6) was lower than at baseline2 but this difference 
failed to reach significance (M = 75.1, SD = 14.0, 95% bootstrap CIs: 69.0-81.4; t (18) = 
1.92, p = .071). A paired sample t-test with bootstrap sampling consistently showed the 
marginally significant difference between them (p = .076). 
3.3. Comparison of Pain Perception 
3.3.1. Thermal pain threshold 
Using one-way ANOVAs, no significant differences were found for the first (F (1, 
36) = 1.71, p >.100) and the second pain threshold (F (1, 36) = 1.46, p >.100) between 
the no-trauma and the trauma groups. The results of independent sample t-tests with 
bootstrap sampling were consistently insignificant (p > .100). For the first pain threshold, 
the mean temperature was 44.5ºC (SD = 2.9, 95% bootstrap CIs: 43.2-45.8ºC) for the no-
trauma group and 45.6ºC (SD = 2.3, 95% bootstrap CIs: 44.6-46.7ºC) for the trauma 
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group. On the second test, the mean threshold temperature was 45.4ºC (SD = 2.4, 95% 
bootstrap CIs: 44.7-46.5ºC) for the no-trauma group and 46.4ºC (SD = 2.5, 95% 
bootstrap CIs: 45.3-47.6ºC) for the trauma group. A paired sample t-test indicated that 
the second threshold (M = 45.9, SD = 2.5) was significantly different from the first 
threshold (M = 45.1, SD = 2.7; t (37) = -3.90, p < .001), indicating that both groups 
showed increased in threshold in the second test. 
3.3.2. Sensitivity testing 
The peak temperature identified to induce moderate pain during the sensitivity test 
was not different between the no-trauma (M = 47.9, SD = 2.4, 95% bootstrap CIs: 46.9-
48.9) and trauma (M = 48.4, SD = 1.7, 95% bootstrap CIs: 47.6-49.1; F (1, 36) = .68, p 
> .100) groups. This between-group difference was also insignificant with t-test with 
bootstrap sampling (p > .100). This indicated that calibrated temperatures did not 
contribute to differences in TSSP between the groups. The relationship between 
threshold and temperature identified in the sensitivity test was strong (Pearson rs = .63-
.67, all ps < .001).103 Using the bootstrap sampling method, Pearson’s r ranges from .43 
to .53 (p ≤ .007), which indicate a moderate relationship between thermal threshold and 
TSSP temperature.  
On average, there were 4.1 trials (SD = 2.2) of sensitivity tests. The average number 
of sensitivity tests was 3.7 (SD = 2.2) for the no-trauma group and 4.3 (SD = 2.1) for the 
trauma group. The number of sensitivity test was not significantly different between the 
two groups (F (1, 36) = .80, p > .100). 
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3.3.3. TSSP testing 
As shown in Fig. 8, the trauma group tended to exhibit enhancement of TSSP 
compared with the no-trauma group both within and across the four TSSP trials. A series 
of statistical analyses conducted on several indicators of the wind-up process confirmed 
this impression. Before presenting the detailed analyses below, a brief summary of the 
findings is as follows. During TSSP1 testing, the trauma group showed a greater wind-
up difference, a larger absolute AUC, and a greater wind-up ratio. During the second and 
the third TSSP tests, the results indicated a trend toward higher average pain intensity 
and a larger AUC in the trauma group. However, this between-group difference was 
driven by increases in pain ratings occurring during the later heat pulses in the TSSP 
testing because the group difference only existed during the late phase of TSSP testing, 
not the early phase.  
In TSSP4, there was no significant between-group difference except for a marginal 
effect observed for the maximum pain intensity rating. The maximum pain intensity of 
TSSP4 was marginally higher in the trauma group than in the no-trauma group. Time to 
peak pain intensity and wind-down were, on average, not significantly different between 
the two groups within TSSP trials. Repeated measures ANOVAs with between-TSSP 
indices revealed that the no-trauma group showed a trend toward a decrease in the ratio 
of the late to the early TSSP pain rating (the EL ratio) in contrast the trauma group 
showed no significant change over time. This indicated that the no-trauma showed 
habituation over repetitive TSSP trials. A detailed description of each analysis is 
presented below. 
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Fig. 8 Comparison of pain ratings between the no-trauma and trauma groups at each 
thermal pulse using one-way ANOVAs, * = p < .050, † = p < .100, Error bars = SEM. 
 
† 
† 
* † 
* † * * * 
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Comparison of pain ratings at the 1st, 5th, and the 10th pulses; the mean pain 
ratings for the first pulse were not different between the no-trauma and trauma groups 
except for the first TSSP trial. In TSSP1, the result of a one-way ANOVA indicated that 
the average pain ratings at the first pulse was higher in the no-trauma group (M = 27.1, 
SD = 10.9, 95% bootstrap CIs: 22.4-31.8) than in the trauma group (M = 19.5, SD =13.6, 
95% bootstrap CIs: 13.9-26.1) at p value of .066 (F (1, 36) = 3.60; Fig 7). The average 
reported pain at the 5th pulse was significantly higher in the trauma group (M = 41.0, SD 
= 11.1, 95% bootstrap CIs: 36.4-46.0) than in the no-trauma group (M = 33.2, SD = 11.4, 
95% bootstrap CIs: 28.7-38.3; F (1, 36) = 4.56, p = .040) only for TSSP2 testing. For 
pain ratings at the 10th pulse, the trauma group (M = 42.7, SD = 14.5, 95% bootstrap CIs: 
36.6-49.2) reported, on average, significantly higher pain than the no-trauma group (M = 
32.7, SD = 14.2, 95% bootstrap CIs: 26.5-39.2) in TSSP3 (F (1, 36) = 4.55, p = .040). In 
the last TSSP test, there was no significant intergroup difference. Using bootstrap 
sampling, independent sample t-tests failed to show a significant intergroup difference in 
any of the reported pain ratings at the different time points (all ps > .100). 
Comparison of average pain ratings for the 10 thermal stimuli; repeated measures 
ANOVAs with the 10 pain ratings at TSSP1 indicated that there was no significant main 
effect of group on TSSP (F (1, 36) = .002, p > .100). Based on the result of independent 
sample t-tests with bootstrap sampling, the average pain ratings for the 10 thermal pulses 
was also not different between the groups (p > .100). Additionally, there was no 
significant interaction between thermal pulse and group (F (4, 131) = 1.59, p > .100; 
WMauchly = .003, χ2 (44) = 193.89, p < .001, ε = .40). Yet, thermal pulse was a significant 
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main effect (F (4, 131) = 12.20, p < .001). Bonferroni-adjusted pairwise comparisons 
indicated that the average pain at the first thermal pulse was significantly lower than all 
the other pulses (p < .004). Average pain ratings were increased over time as the thermal 
pulses were repeatedly presented to the palm. This showed the occurrence of the TSSP 
phenomenon. A linear trend model provided the best fit for both no-trauma (F (1, 18) = 
4.28, p = .053) and trauma (F (1, 18) = 21.25, p < .001) groups. 
With the 10 pain ratings at TSSP2, a repeated measures ANOVA revealed that the 
main effect of group on average pain ratings was marginally significant (F (1. 36) = 3.13, 
p = .086). A t-test with bootstrap sampling indicated a significant group difference of the 
average pain ratings in TSSP2 but again it was a marginal effect (p = .084). As being 
consistent with TSSP1 results, there was no significant thermal pulse × group interaction 
(F (4, 142) = 0.42, p >.100; WMauchly = .003, χ2 (44) = 188.96, p < .001, ε = .44), but a 
significant main effect of thermal pulse (F (4, 142) = 7.95, p < .001). Bonferroni-
adjusted pairwise comparison indicated that the mean pain rating at the first thermal 
pulse was significantly lower than all the other pulses after the second pulse (p < .050). 
An exploratory trend analysis showed that the TSSP pattern was best fit by a cubic 
model (F (1, 18) = 4.40, p = .050) for the no-trauma group, indicating on general upward 
trend. In contrast, a quadratic model was the best fit for the trauma group (F (1, 18) = 
15.51, p = .001), indicating the occurrence of wind-down following the wind-up 
phenomenon. 
For the TSSP3 trial, the result of a repeated measures ANOVA conducted on the 10 
thermal pulse pain ratings showed that the main effect of group on average pain ratings 
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was not significant (p > .100). However, an independent sample t-test with bootstrap 
sampling indicated a marginally significant group difference of the mean pain ratings 
during the TSSP3 testing (p = .090). In addition, the results indicated no significant 
interaction between thermal pulse and group (F (3, 107) = 2.07, p = .109; WMauchly = .001, 
χ2 (44) = 246.30, p < .001, ε = .33), but a significant main effect of thermal pulse (F (3, 
107) = 6.22, p = .001). Bonferroni-adjusted pairwise comparisons indicated that the pain 
rating at the first thermal pulse was significantly lower than all the other pulses from the 
third pulse to the 7th pulse (all ps < .050). The mean pain rating for the 8th pulse was 
marginally different (p = .056), but the rating for the 9th pulse was not significantly 
different from the rating of the first pulse (p > .100). This might reflect the occurrence of 
wind-down. An exploratory trend analysis revealed that TSSP trend was again best fit 
with a cubic model for the no-trauma group (F (1, 18) = 13.12, p = .002) and a quadratic 
function for the trauma group (F (1, 18) = 12.30, p = .003).  
When comparing pain ratings in TSSP4 using a repeated measures ANOVA, a main 
effect of group on average pain ratings was not significant (p > .100). This result was 
consistent with t-test with bootstrap sampling (p > .100). The results also indicated no 
significant thermal pulse × group interaction (F (3, 110) = 0.44, p > .100; WMauchly < .001, 
χ2 (44) = 251.27, p < .001, ε = .34). Yet, there was a significant main effect of thermal 
pulse (F (3, 110) = 10.27, p < .001). Bonferroni-adjusted pairwise comparisons indicated 
that average pain ratings at the first thermal pulse was significantly lower than all the 
other pulses (p < .050) until the last pulse (p > .100). Therefore, it may indicate the 
occurrence of wind-down following wind-up. An exploratory trend analysis indicated 
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that the best fit for TSSP pattern was provided by a cubic model for both the no-trauma 
(F (1, 18) = 20.59, p < .001) and trauma (F (1, 18) = 23.70, p < .001) groups.  
A repeated measures ANOVA with average pain ratings was conducted between 
the four TSSP trials. The results indicated no significant main effect of group or time by 
group interaction (all ps > .100). While there was a marginally significant main effect of 
time (F (2, 78) = 2.40, p = .093; WMauchly = .59, χ2 (5) = 18.41, p = .002, ε = .73), 
Bonferroni pairwise comparison indicated no significant difference in average pain 
ratings among trials.  
Comparison of maximum pain intensities; with one-way ANOVAs comparing 
maximum pain ratings in each of the four TSSP trials, the last two TSSP tests showed a 
trend toward higher pain ratings in the trauma group compared to the no-trauma group 
(Table 4). Yet, the results of t-tests with bootstrap resampling showed a marginally 
significant difference between the two groups only in TSSP4. Results of repeated 
measures ANOVA between TSSP trials revealed no significant main effects or group by 
trial interaction (all ps > .100).  
Comparison of wind-up difference scores; the results of a one-way ANOVA 
indicated that the wind-up difference was significantly different between the two groups 
only during the first TSSP trial. A repeated measures ANOVA was conducted to 
examine wind-up difference between TSSP trials. The result revealed no significant 
main effects or group by trial interaction (all ps > .100).  
Comparison of time to peak pain intensities; a one-way ANOVA showed that there 
was no significant between-group difference at each TSSP trial. The results of the 
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repeated measures ANOVA showed that time to peak pain intensity was not 
significantly different within and between TSSP trials (all ps > .100). Across the four 
TSSP trials, the average number of pulses required to induce peak pain intensity was 5.8 
(SD = 2.1) collapsing across groups. 
Comparison of slopes; a one-way ANOVA indicated that the average slope to the 
peak pain showed a marginally steeper in the trauma group only for TSSP1 (F (1, 36) = 
3.20, p = .082). A t-test with bootstrap sampling also indicated a marginal between-
group difference only in the TSSP1 slope (p = .079). A repeated measures ANOVA 
showed that the slope was not significantly different across TSSP trials (all ps > .100). 
The average slope across the four trials was 2.8 (SD = 2.1) for the combined group. This 
slope describes, on average, a 2.8 increase in pain rating with each thermal pulse 
presentation until peak pain ratings.  
Comparison of AUCs; using one-way ANOVA, the between-group analyses of 
AUC indicated a marginally significant difference for the TSSP2 trial, but not for the 
other trials. However, independent sample t-tests with bootstrap sampling indicated a 
marginal effect of group, with the trauma group having a larger AUC compared to the 
no-trauma for both TSSP2 (p = .074) and TSSP3 (p = .093). Repeated measures 
ANOVA with the AUC showed that there was no significant main effect of group or 
group by trial interaction (p > .100). However, marginally significant changes occurred 
in over trials (F (2, 78) = 1.29, p = .070; WMauchly = .59, χ2 (5) = 18.5, p = .002, ε = .72). 
Bonferroni-adjusted pairwise comparison indicated that the AUC of TSSP3 was larger 
than that of TSSP1, but this was a marginal effect (p = .088).  
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Comparison of absolute wind-ups; one-way ANOVA showed that average absolute 
wind-up indices were significant different between the groups only in TSSP1. The 
results of the repeated measures ANOVA showed that absolute wind-up index was not 
significantly different between TSSP trials (all ps > .100). In addition, there was no 
significant main effect of group nor group by trial interaction (all ps > .100). 
Comparison of wind-up ratio; when comparing wind-up ratio with both AUC and 
mean pain ratings, one-way ANOVAs yielded similar results (Table 4). Wind-up ratio 
was significantly higher in the trauma group only in TSSP1. Independent t-tests with 
bootstrap sampling showed consistent outcome. A repeated measures ANOVA showed 
that there was no significant main effects nor time by group interaction. While wind-up 
ratios were often examined with AUC, average pain rating also produced interpretable 
and pertinent results. In TSSP1, overall pain magnitude during TSSP was increased by 
1.2 times the initial pain intensity for the no-trauma group and 1.7 times for the trauma 
group.  
Comparison of the early and the late TSSP ratings; for between-group comparisons 
of pain during the early and the late phases of TSSP, a series of one-way ANOVAs using 
average pain ratings yielded similar results to the analysis with AUC index (Table 4). 
The early TSSP pain ratings were not significantly different between the no-trauma and 
trauma groups. For the late TSSP, the trauma group reported, on average, higher pain 
than the no-trauma group only in TSSP3.  
Repeated measures ANOVA with AUC revealed that there was no significant main 
effect of group or group by trial interaction. However, there was a significant trial effect 
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in the early TSSP pain ratings (F (2, 83) = 4.35, p = .012; WMauchly = .67, χ2 (5) = 14.09, 
p = .015). Bonferroni-adjusted pairwise comparison indicated that the early phase of 
AUC in TSSP3 was significantly larger than that of TSSP1 (p = .009). The best fit for 
the pattern of the early TSSP with AUC was provided by a linear model (F (1, 36) = 
6.22, p = .017). The significant main effect of trial was consistent when using average 
pain ratings during the early TSSP (F (3, 54) = 4.64, p = .006; WMauchly = .76, χ2 (5) = 
4.58, p > .100). For the late TSSP ratings, there were neither significant main effects nor 
trial by group interaction over repeated TSSP trials (p > .100).  
Comparison of the pain ratio of the late to the early phase of TSSP (the LE ratio); 
the LE ratio showed a significant difference between the groups in TSSP3. While the no-
trauma group experienced, on average, a minimal change during the late TSSP3 (the LE 
ratio of 1.0), the trauma group experienced an overall increase in pain ratings during the 
late phase of TSSP3 compared to pain in the early phase (the LE ratio of 1.3). A repeated 
measures ANOVA with the LE ratio of AUC indicated that there was no significant 
main effect of group or trial. However, there was a marginally significant group by time 
interaction (F (2, 78) = 2.92, p = .055). While no significant main effect of trial was 
found for the trauma group (p > .100), there was a significant main effect of trial for the 
no-trauma group (F (3, 54) = 2.86, p = .045; WMauchly = .59, χ2 (5) = 8.88, p > .100), but 
Bonferroni pairwise comparison failed to show significant difference between trials. A 
cubic trend provided the best fit for the no-trauma group (p = .033); the LE ratio was 
decreased until the last TSSP. 
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3.3.4. Wind-down 
One-way ANOVAs showed no significant difference in wind-down between the 
two groups (p > .100, Table 4). Of the four TSSPs, the average magnitude of wind-down 
was 9.8 (SD = 1.9) for the no-trauma group and 9.6 (SD = 1.9) for the trauma group. 
Repeated measures ANOVA indicated that there was no significant main effect of group 
or group by trial interaction (all ps > .100). However, there was a significant main effect 
of time (F (3, 108) = 1.2, p = .010; WMauchly = .79, χ2 (5) = 8.1, p > .100). The average 
magnitude of wind-down in TSSP3 and TSSP4 were significantly higher than those in 
TSSP1 (p = .026). This indicated that more wind-down occurred in TSSP3 and TSSP4.  
3.3.5. After-sensations  
Only in TSSP3, the results of one-way ANOVA showed that the trauma group (M = 
19.9, SD = 13.4) reported significantly higher pain than the no-trauma group (M = 11.7, 
SD = 9.0; F (1, 37) = 4.92, p = .033, Fig. 9) at the first after-sensation. Since the pain 
magnitude at the last pulse could influence after-sensations, another one-way ANOVA 
was conducted with the pain rating at the 10th pulse entered as a covariate. The results of 
ANCOVA showed that the first after-sensation of the trauma group was still marginally 
different from that of the no-trauma group (F (1, 37) = 3.42, p = .073) in TSSP3. All 
other results were insignificant using the repeated measures ANOVA with first and 
second after-sensations between TSSP trials (all ps > .100). 
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Fig. 9 Comparison of the after-sensations between no-trauma and trauma groups. After-
sensations were measures 15 s (after-sensation 1) and 30 s (after-sensation 2) after the 
last thermal pulse in each TSSP. * = p < .050, Error bars = SEM.  
* 
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4. SUMMARY AND CONCLUSION 
4.1. Major Study Findings 
The three hypotheses are partially supported. The first hypothesis of greater TSSP 
in trauma group was supported by the several TSSP indices, but predicted between-
group differences of wind-down were not significant. The second hypothesis was also 
partially supported; habituation and/or adaptation did not occur over repeated TSSP 
trials in the trauma group whereas the no-trauma group showed a decrease in the LE 
ratio over TSSP trials. However, the pattern of sensitization over repeated trials was not 
significantly different between the two groups. Lastly, slower wind-up decay was 
observed in the trauma group during TSSP3. However there was no significant changes 
in the magnitude of wind-up decay over repeated TSSP trials.  
Overall, the results suggest that individuals reporting a history of adverse childhood 
events report a hyperalgesic response to TSSP testing and prolonged wind-up decay after 
TSSP testing. When significant between-group differences were observed on TSSP 
indices, the trauma group constantly reported greater pain intensity compared to the no-
trauma group. This pattern of results is consistent with our previous finding that trauma 
history is associated with enhancement of capsaicin-induced secondary hyperalgesia, 
another measure of central sensitization.26 Moreover, this pattern of results is consistent 
with the differences between healthy control and patients with chronic pain problems.116 
However, no significant between-group differences were found for peak temperature to 
induce moderate pain in TSSP, for the number of pulses required to peak pain, or for 
thermal threshold in this otherwise healthy sample. Other studies have also failed to 
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observe differences between healthy control and chronic pain on one of these measures. 
For example, the number of pulses to induce moderate pain in TSSP testing does not 
differ between healthy control and patients with fibromyalgia.111 Yet, researchers have 
observed that patients with chronic pain often require a less intense peak temperature to 
induce the same magnitude of TSSP.24, 111 and have lower thermal threshold.70, 109 
Perhaps leftward shifting in these pain domains is not affected by adverse childhood 
events, and occurs only in chronic pain state. Evidently, most previous studies have 
observed no effect of childhood adversities on pain threshold. It is also suggested that a 
static index such as a threshold testing can measure only the final effect of central 
neuroplastic changes that contribute to pathological pain states.61  
Lack of habituation between-TSSP trials might be another difference between the 
trauma and no-trauma groups. We observed a decrease in the LE ratio between-TSSP 
trials in the no-trauma group, whereas the trauma group failed to show habituation over 
the repeated trials of TSSP. Although the underlying mechanisms of habituation to 
painful stimuli are still under investigation, habituation deficits appear to be related to 
impaired anti-nociceptive system at the cortical level and low activity in central 
serotonergic pathways.9, 22, 29 A recent fMRI study suggests that the subgenual anterior 
cingulate cortex (SACC) may play a critical role in mediating habituation to repetitive 
painful stimuli.9, 29 The SACC is involved in mediating the arousal accompanying 
reward-based emotion/motivation and autonomic control.29 Thus, the SACC seems to 
play a role in the interaction effect between emotional state and arousal on pain 
modulation. It is also suggested that a reduced ascending serotonergic control 
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contributes to cortical dysfunction, which is linked to the loss of habituation.22 Prior 
research has shown reduced habituation to repetitive painful stimuli in patients with 
fibromyalgia,108 and patients with migraine.22, 131 Thus, the lack of habituation over trials 
in the trauma group may reflect a dysfunction of anti-nociceptive system and ascending 
serotonergic pathways. 
In fact, it is unclear whether the decreases in pain intensity observed across TSSP 
trials results from peripheral sensory adaptation or central habituation process. It was 
reported that habituation on a fixed location occurred in a greater magnitude (70% 
reduction) and ten times faster than a variable stimulus location (40% reduction).48 
While peripheral adaptation of Aδ and C fiber may contribute to reduced nociceptive 
inputs to the spinal cord, central habituation is still likely to contribute to a reduction of 
TSSP. Moreover, several pieces of evidence support that supra-spinal antinociceptive 
systems are involved in habituation to repetitive thermal stimulation.6, 9 In human 
studies, reduced pain over repeated trials has been reported in not only thermal wind-up 
tests35, 36 but also during repeated laser pulse62 and heat threshold tests.9, 108 Notably, it is 
suggested that lack of habituation may be a risk factor for the transition from acute to 
chronic pain or it may simply contribute to the persistence of chronic pain states.41, 89 
Thus, lack of habituation over repetitive TSSP trials in the trauma group may potentially 
reveal the vulnerability of the trauma group to chronic pain problems. 
4.2. Difference between Tonic and Phasic Noxious Stimulation 
The effect of childhood trauma on TSSP was smaller than its effect on the area of 
secondary hyperalgesia in the capsaicin test. In order to compare the effect size between 
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these two pain modalities, Cohen’s d † was calculated from the reported F test results of 
the area of secondary hyperalgesia.26, 124 The effect size of childhood trauma on the area 
of secondary hyperalgesia was large (d = .91).20 In contrast, the effect size of trauma on 
any of the TSSP indices was small to medium (Table 4).20 There are several possible 
explanations for this large difference. First of all, the prior study selected subjects whose 
childhood trauma scores were 2 standard deviations above the mean. In contrast, the 
current study used a cutoff score of 10, which is the reported mean for trauma group.13 
In fact, a high trauma score in the 95th percentile or above was 13 based on the current 
screening data.  
Second, capsaicin induces longer lasting tonic pain, which may exhibit qualitatively 
different pain perception than the brief phasic pain such as TSSP. It is reported that tonic 
pain induces more intense pain and more aversive affective states than phasic pain.16 
Consequently, capsaicin method may be more efficient to discriminate altered central 
sensitization between healthy subjects with and without childhood trauma.  
Additionally, different degrees of anxiety might explain the discrepancy, which is 
linked to an anxiety-induced hyperalgesia phenomenon. It is reported that anxiety is 
provoked when an organism either anticipates or experiences sustained fear in response 
to a threat.31 Although fear and anxiety are often thought to be similar states, they differ 
in several ways. Where fear is an adaptive response to a short-term threat that begins 
rapidly and resolves quickly once the threat is removed (phasic fear), anxiety is a more 
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F = F statistic, n = number of subjects, t = treatment (or compared group), c = control group 
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prolonged response elicited by less predictable and uncertain threats, as well as by 
prolonged anticipation of potential threats. Therefore, anxiety is a considered to be a 
long-lasting state of apprehension (sustained fear). Animal studies suggest that phasic 
fear is mediated by the amygdala, which signals the hypothalamus and brainstem to 
produce fear behaviors. Although sustained fear is also mediated by the amygdala, it 
leads to the release of a stress hormone, corticotropin-releasing factor, which then acts 
on receptors in the bed nucleus of the stria terminalis (BNST), a part of the so called 
‘extended amygdala.’97 Thus, depending on the nature of the threat stimulus, the 
amygdala and BNST send outputs to the same hypothalamic and brainstem nuclei to 
produce either phasic or sustained fear, respectively. Animal and human research using 
phasic fear paradigms induce decreased pain sensitivity or hypoalgesia, whereas 
sustained fear paradigms induce increased pain or hyperalgesia. This leads us to 
speculate that pain tests that induce phasic or sustained fear states may yield divergent 
patterns of results. By extension the hyperalgesic effects of trauma history on pain 
sensitivity may be better detected by tonic pain tests in which the pain stimulus itself 
induced sustained rather than phasic fear paradigms. Thus, the sustained fear state 
induced by tonic capsaicin pain is more likely to induce anxiety and reveal hyperalgesia 
in individuals with past trauma, whereas the phasic fear state induced by TSSP is more 
likely to induce a stress-induced hyperalgesia. Consequently, effect of childhood 
traumatic experience on the secondary hyperalgesia in capsaicin pain method as 
expected is large.97 Moreover, people with PTSD are reported to have heightened 
57 
 
 
sustained fear without elevated phasic fear in conjunction with the anxiety-induced 
hyperalgesia phenomenon.31  
Lastly, the previous studies with capsaicin-evoked pain model include only women 
subjects. Women often report more distress after trauma,42 and women reporting 
childhood trauma also report more chronic pain problems.40, 106 Moreover, women 
generally suffer from more inflammation-mediated autoimmune disorders,78 and 
neuropathic pain than men.11 Given capsaicin-evoked pain simulates neurogenic 
inflammatory pain processing, using only female subjects with adverse childhood events 
potentially yields more robust outcome in capsaicin-induced secondary hyperalgesia.  
4.3. Psychophysical Reactivity to Repeated TSSP Trials 
We did not observe any baseline differences between the trauma and no-trauma 
groups on a state measure of unpleasantness despite evidence of increased state negative 
affect on the CES-D and trauma measures. The QSTs using thermal stimulation did not 
induce more unpleasantness. Previous studies suggest that contact heat pain induces less 
unpleasantness than other pain methods (i.e. ischemic exercise and cold-pressure pain), 
and therefore, contact heat may be more suitable to examine the sensory dimension of 
pain perception.96 However, the current findings suggest that the trauma group showed 
failure to habituate over the repeated QSTs. After the first QST, the trauma group 
maintained the initially elevated unpleasantness throughout the experiment while the no-
trauma group reported linearly reducing unpleasantness after they experienced the first 
QST. It is suggested that affect regulation and affect intensity may be important in 
managing chronic pain because it is associated with inability to mobilize affective 
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resources following negative sensory experience.113 Consequently, affect dysregulation 
is linked to slower recovery from or difficult adjustment to chronic pain.50, 144 Thus, the 
results of the current study may indicate that the trauma group has difficulty regulating 
affective dimension of pain (e.g. pain unpleasantness), which may contribute to their 
failure to habituate to the pain over the repeated TSSP trials.  
Based on the PAI subscale 1, the trauma group reported more affect instability than 
the no-trauma group, indicating that the trauma group had reduced ability to regulate 
emotion prior to the QST. However, it is worth mentioning that affect instability did not 
reach a critical point. The average scores of the PAI subscale 1 in the trauma group was 
6.7, which is a T score of about 56 and this is only slightly elevated from the population 
mean. In order to raise a clinical concern, the raw score should be above 11, which is T 
score of 70 and 2 standard deviations above the population mean. Additionally, HRV 
scores of the trauma group at baseline and during the QSTs were not significant different 
from those of the no-trauma group. Thus, there may be no between-group difference in 
adaptability to stress as HRV often reflects adaptability to psychophysical stressors.32, 56, 
80, 94 In sum, the trauma group has a reduced ability to regulate their emotion than the no-
trauma group. Even though the level of affect instability in the trauma group is within a 
subclinical range, individuals with adverse childhood events seem to have difficulty in 
regulating negative affective response to TSSP testing.  
In general, the current study showed that painful stimulation resulted in an increase 
in SCLs and a decrease in HRs. Obviously, increased SCL confirms the sympathetic 
arousal response to laboratory pain stimulation.57, 97 There are three explanations for 
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decelerated HR during a stress. First, HR deceleration may be associated with attention 
and orienting reflex.46 It is reported that highly unpleasant stimuli induce an increase in 
SCL and a decrease in HR. Additionally, people pay attention to the unpleasant stimuli 
for an extended time.68 Therefore, decelerated HR during TSSP may indicate that the 
subjects pay attention and orient to the unpleasant sensory stimuli in TSSP testing.  
Another explanation is that decelerated HR during an acute stressor is a healthy 
response. It is reported that deceleration of HR to trauma-related stimuli reflects 
resilience because deceleration of HR indicates ability to reduce attention to the aversive 
stimuli and consequently down-regulate or block negative emotion in compared to 
people with low resilience.33 Given that the trauma subjects are also all healthy and pain-
free young college adults, their ability to regulate emotion might not be critically 
diminished. Therefore, the trauma group showed the same pattern of suppressed HR as 
the no-trauma group.  
Alternatively, diminished physiological reactivity during acute stressors has been 
associated with the dissociative symptoms of PTSD, which is a response of physical 
numbness, a maladaptive coping strategy, and a risk factor for development of PTSD.49, 
63 It is reported that those who have dissociative symptoms of PTSD report increased 
level of perceived arousal during or immediately after disclosure of their traumatic 
experience, but show markedly suppressed physiological responses.49 Therefore, the 
inverted intergroup pattern between perceived arousal and physiological responses may 
be explained by dissociative symptoms of PTSD. Evidently, dissociation scores on the 
TSC subscale 3 were significantly elevated in the trauma group. Yet, Griffin, Resick, 
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and Mechanic claim that suppression of autonomic responses linked to dissociation 
symptoms of PTSD may be rather trauma-specific, and may not generalize to other 
stressful experience. Thus, further research is needed to determine whether decelerated 
HR in response to noxious sensory and affective experience is indicative of suppressed 
autonomic response, which is linked to dissociative symptoms of PTSD.  
Differential ability to recover heart rate after TSSP was another important finding. 
When TSSP was completed, the no-trauma group showed a trend of returning their 
suppressed HR back to their baseline. However, the trauma group showed a 
continuously depressed HR response even after they were informed about completion of 
the experiment. This delayed recovery may indicate persistent arousal driven by 
sustained anxiety.60 A prior study showed that after an acoustic startle task, a delayed 
recovery of physiological function was only observed in HR among other physiological 
indices such as SCL and eyeblink electromyography, and delayed recovery of HR was 
significantly related to PTSD severity.60 Another study reported that delayed blood 
pressure recovery was observed in veterans with PTSD after an anger recall task, which 
was not directly related to their traumatic events.8 Therefore, delayed HR recovery after 
the final TSSP in the trauma group may indicate vulnerability to develop psychological 
and physical stress-related conditions. In fact, the results of current study showed that 
most of the psychological health indicators were worse in the trauma group. In addition, 
the trauma group reported more physical symptoms than the no-trauma group even 
though the trauma group participants otherwise claimed to be healthy and pain-free 
individuals.  
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4.4. Limitations and Future Studies 
One of the limitations of the current study is a small sample size, which result in the 
low power. While replication study with a large sample is needed to confirm the link, 
this study has tested reproducibility of the experiments with a bootstrapping resampling 
method. Another limitation is a possible dissimilarity between laboratory-induced TSSP 
and pathophysiologically-induced wind-up phenomena. This study has examined the 
link between adverse childhood events and TSSP in healthy individuals in order to study 
the effect of adverse childhood events on chronic pain problems. While the current 
findings may not generalize to clinical pain processes, both TSSP and wind-up 
phenomena are dependent on facilitation mediated by the NMDA receptor activation 
within the spinal cord dorsal horn neurons, which suggests that similar neural 
mechanisms are involved. Another limitation of this study is the range of pain induced in 
the experiment. This study used calibrated thermal stimuli to elicit moderate pain. 
Therefore, the results of current study may not apply to severe or intolerable pain 
conditions. Despite the restricted range of pain used in this study, the current study has 
adopted a TSSP method,116 which has been shown to distinguish differential TSSP 
response patterns between subjects with and without chronic pain. Therefore, by 
comparison of the two TSSP patterns between healthy people with adverse childhood 
events and patients with chronic pain problems, it is possible to evaluate whether adults 
with adverse childhood events are the at-risk for enhanced sensitization of pain as 
indicated by abnormal TSSP processes, and therefore potentially vulnerable to 
development chronic pain problems.  
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One of the strengths of this study is that it used a valid screening instrument for 
assessing adverse childhood events. Moreover, the screening instrument were 
administered twice (at home and in the laboratory) to confirm their memory of adverse 
childhood events. An additional strength is that this study used healthy and pain-free 
subjects to examine pre-existing vulnerability of developing chronic pain problems. 
Therefore, this method enabled us to avoid the impact of chronic pain on central 
sensitization, but rather focus on the contribution of adverse childhood events to enhance 
central sensitization. Lastly, all different characteristics of TSSP were examined. It 
seems that different TSSP indices reflect different underlying processes.  
Additional study is warranted to further characterize different aspects of TSSP and 
to delineate TSSP indicators and mechanisms. Future research is also required to 
examine whether the two pain tests that induce sensitization of pain such as secondary 
hyperalgesia and TSSP will show the same pattern in individuals with childhood trauma 
or whether there will be a subgroup that shows hyperalgesia to only on one test. It will 
be also useful to further investigate whether protective factors moderate the effects of 
adverse childhood events on TSSP. The potential protective effects of habituation to 
repetitive trials warrant further investigation.  
4.5. Conclusions 
The results of current study suggest the potential vulnerability of adults with 
childhood trauma to central sensitization, a process that contributes to the induction and 
maintenance of chronic pain. The trauma groups showed a tendency to develop greater 
sensitization within TSSP trials and no occurrence of habituation over repeated TSSP 
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trials. Lastly, slower wind-up decay was observed in the trauma group within a TSSP 
trial. These results reveal that adverse childhood events predispose adults to enhanced 
TSSP, which is potentially linked to an increased likelihood to develop chronic pain 
problems.  
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